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Abstract
The present study examined riboflavin (RF) uptake by isolated rabbit renal basolateral membrane (BLM). RF uptake was
linear during the initial 10 seconds and leveled off thereafter with longer incubation. Studies on RF uptake as a function of
incubation medium osmolarity indicated that the BLM RF uptake was the results of transport (V45%) into the
intravesicular space as well as binding (V55%) to membrane surfaces. The RF binding to BLM was Na-dependent so that
replacement of Na by other cations eliminated the binding component of RF uptake. The process of BLM RF uptake was
saturable as a function of substrate concentration and was significantly inhibited by cis-addition of its structural analogs,
lumiflavin and lumichrome, indicating the involvement of a carrier-mediated process. The BLM RF uptake was affected by
changes in extravesicular pH so that, as compared to pH 7.5, RF uptake was lower at pH 6.5 and higher at pH 8.5. The effect
of extravesicular pH persisted when the transmembrane H gradient was dissipated by FCCP, indicating the direct effect of
pH on BLM RF uptake. The BLM RF uptake was not affected by alterations of the transmembrane electrical potential,
induced by either the presence of anions with different membrane permeability (Cl3 = NO33 s SO
3
4 s gluconate
3) or using
nigericin (10 Wg/mg protein) with an outwardly or inwardly directed transmembrane K gradient. The BLM RF uptake was,
however, inhibited by probenecid and p-aminohippurate, and was enhanced by trans-RF. In summary, these results
demonstrate the existence of a Na-dependent BLM binding of RF and a membrane-associated carrier system for RF uptake
by renal BLM. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Ribo£avin (RF) is a water-soluble vitamin essen-
tial for normal cellular functions [1^3]. RF de¢ciency
can thus lead to a series of clinical abnormalities
including growth retardation, degenerative changes
in the nervous system, anemia, and skin lesions
[1,4]. Mammals cannot synthesize RF but obtain
the vitamin from the diet through absorption in the
small intestine, whereas elimination of RF from the
body takes place only in the kidneys [3,5]. Thus,
kidneys play an important role in the maintenance
of RF balance in the body.
In the kidney, RF is ¢ltered through glomeruli and
undergoes tubular transport processes before its ¢nal
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excretion in the urine. It has been shown that the
tubular transport of RF occurs mainly in the prox-
imal tubule where RF can be transported bi-direc-
tionally, i.e., reabsorbed and secreted, depending on
the prevailing plasma RF concentration [6,7]. At low
plasma concentrations, RF is reabsorbed to ensure
e⁄cient extraction of this essential nutrient from the
lumen and minimize its loss in the urine. At high
plasma concentrations, RF is secreted to enhance
the excretion of RF from the body [6,7].
RF transport across the polarized renal epithelial
cells represents movements of the vitamin across the
two structurally and functionally di¡erent membrane
domains, the apical brush border membrane (BBM)
and the peritubular basolateral membrane (BLM).
Previous studies by Spector using rabbit kidney slices
[8] and by Browers-Kormo and McCornick using
isolated kidney cells in suspension [9] have demon-
strated the existence of a saturable, energy-dependent
system for RF uptake. Our recent studies using iso-
lated rabbit renal BBM vesicles have also indicated
the existence of a saturable, organic anion inhibitor-
sensitive carrier system for RF uptake by renal BBM
[10]. The aim of our present study is to examine the
uptake process of RF across rabbit renal BLM.
2. Materials and methods
2.1. Materials
3H(G)-Labeled RF (29.5 Ci/mmol) was purchased
from Moravek Biochemicals (Brea, CA). Percoll was
purchased from Pharmacia Chemicals (Piscataway,
NJ). All other chemicals were purchased from Sigma
(St. Louis, MO).
2.2. Animals
New Zealand White male rabbits, weighing 1.5^2.0
kg, were used in these studies. The animals were
maintained on an ad libitum diet of standard rabbit
chow with free access to tap water for drinking.
2.3. BLM vesicle preparation
Puri¢ed BLM vesicles were prepared from rabbit
renal cortex by the conventional Percoll-gradient sep-
aration method [11]. In brief, renal cortical slices
were minced and homogenized in a motor-driven
Te£on glass homogenizer at 4‡C for 20 up-and-
down strokes in a homogenization bu¡er comprised
of (in mM): 270 sucrose, 26 Hepes/Tris, pH 7.4. The
homogenate was centrifuged (2500Ug for 20 min),
the supernatant collected and centrifuged
(22 000Ug for 25 min), and the whitish £u¡y layer
above the solid brownish-yellow pellet was recov-
ered, resuspended in 90 ml of homogenization bu¡er,
and homogenized again in a motor-driven glass Tef-
lon homogenizer (20 strokes). The homogenate was
then mixed with Percoll to achieve a concentration of
15% (w/w) and centrifuged at 48 000Ug for 75 min.
The BLM pellet was suspended in a medium com-
prised of (in mM): 300 mannitol, 10 MgSO4, 26 Tris/
Hepes (pH 7.4), to a ¢nal concentration of 5^10 mg
protein/ml. The purity of BLM preparation was
monitored routinely and con¢rmed by a 12.8 þ 0.3-
fold enrichment in K-stimulated phosphatase activ-
ity, a BLM marker enzyme, in the ¢nal BLM as
compared to initial renal homogenates, and a
1.0 þ 0.4-fold enrichment in alkaline phosphatase ac-
tivity, a BBM marker enzyme, in the ¢nal BLM
preparations as compared to initial renal homoge-
nates.
2.4. BLM [3H]RF uptake measurement
Final BLM vesicles were suspended in a medium
comprised of (in mM): 300 mannitol, 10 MgSO4, 10
tris(hydroxymethyl)aminomethane (Tris), and 16 N-
2-hydroxyethylpiperazine-NP-2-ethanesulfonic acid
(Hepes), pH 7.4. [3H]RF uptake was measured by a
Millipore rapid-¢ltration procedure at 24‡C, and was
initiated by mixing 10 Wl BLM vesicle suspension
with 90 Wl of uptake medium comprised of (in
mM): 100 NaCl, 80 mannitol, 20 Hepes/Tris (pH
7.4), containing labeled and unlabeled RF. Incuba-
tion was terminated at the indicated time by adding 2
ml of ice-cold stop medium comprised of (in mM):
100 NaCl, 100 mannitol, 20 K2HPO4, pH 7.4. The
suspension was ¢ltered and washed twice with 2 ml
of stop solution. The ¢lter membrane was then dis-
solved in 5 ml of scintillation £uid (UltimaGold,
Packard) and counted for radioactivity in a liquid
scintillation counter (1600 TR, Packard). All meas-
urements were carried out in triplicate and expressed
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as fmol/mg protein per unit time. The protein con-
centration was assayed using Coomassie Brilliant
blue G250 with bovine serum albumin as the refer-
ence protein [12].
2.5. Statistical analysis
Data are means þ S.E. Statistical signi¢cance was
assessed by one-way analysis of variance (ANOVA).
3. Results
3.1. General characteristics of BLM RF uptake
Fig. 1 depicts the uptake of 0.1 WM [3H]RF as a
function of time. The uptake of RF increased linearly
for up to 10 s of incubation and leveled o¡ there-
after. The uptake of RF may involve binding of RF
to BBM, as evidenced from separate studies where
RF uptake at equilibrium (30 min) was examined as
a function of uptake medium osmolarity. As shown
in Fig. 2, with uptake medium osmolarity varied
from 200 to 650 mosmol by altering the concentra-
tion of mannitol (0 to 450 mM), the BLM uptake of
[3H]RF showed an inverse and linear (r = 0.99) rela-
tionship with uptake medium osmolarity. Extrapolat-
ing the uptake line (solid line with closed circles) to
in¢nite osmolarity intersected the y-axis at approxi-
mately 159. From this ¢nding, we calculated that the
degree of binding of RF to BLM at equilibrium was
approximately 55% and the rest of the uptake was
due to transport into an active intravesicular space.
3.2. Na+-Dependency of RF uptake
We found that BLM [3H]RF uptake was partly
Na-dependent. As shown in Figs. 1 and 3, the RF
uptake was reduced by approximately 60% when
Na in the uptake medium was replaced by other
cations including tetramethylammonium (TMA), po-
tassium, lithium, or choline. However, unlike other
Na-cotransport systems, the RF uptake occurred
without an apparent initial rapid trans-accumulation
into the intravesicular space, i.e., the ‘overshoot’ phe-
nomenon, and the Na-dependency persisted for up
to 60 min of incubation (Fig. 1). These results indi-
cate that the Na-dependency of renal BLM RF up-
take may not be due to a direct Na-cotransport
mechanism. In contrast, as shown in Fig. 2, the re-
moval of Na eliminated the binding component of
Fig. 1. Uptake of RF by renal BLM as a function of time.
BLM vesicles were suspended in a medium of 300 mM manni-
tol, 10 mM MgSO4, 26 mM Tris/Hepes, pH 7.4. [3H]RF uptake
was measured by incubation in an uptake medium of 100 mM
NaCl (closed circles) or 100 mM tetramethylammonium chlor-
ide (TMACl, open circles), 80 mM mannitol, 20 mM Hepes/
Tris (pH 7.4), containing labeled and unlabeled RF (0.1 WM).
Incubation was terminated at indicated times by a stop medium
of 100 mM NaCl, 100 mM mannitol, 20 mM K2HPO4, pH 7.4.
Each data point represents means þ S.E. of nine determinations
from three separate BLM preparations.
Fig. 2. E¡ect of incubation medium osmolarity on RF uptake
by renal BLM. BLM vesicles were suspended in a medium of
300 mM mannitol, 10 mM MgSO4, 26 mM Tris/Hepes, pH 7.4.
Incubation was performed for 30 min in an uptake medium
consists of 100 mM NaCl (closed circles) or tetramethylammo-
nium chloride (TMACl, open circles), 20 mM Hepes/Tris (pH
7.4), containing labeled and unlabeled RF (0.1 WM), and di¡er-
ent amounts of mannitol (0^450 mM). Each data point repre-
sents means þ S.E. of nine determinations from three separate
BLM preparations.
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the RF uptake, suggesting that the Na-dependency
of renal BLM RF uptake may be due to the Na-
dependent RF binding to BLM.
3.3. E¡ect of extravesicular pH
We also found that varying the uptake medium
pH a¡ected BLM RF uptake. In these studies, the
intravesicular pH was kept at 7.4 and the uptake
medium pH varied with bu¡ering system of either
Hepes/Tris or Hepes/MES. As shown in Fig. 4, low-
ering the extravesicular pH from 7.5 to 6.5 signi¢-
cantly decreased BLM RF uptake, whereas raising
the extravesicular pH from 7.5 to 8.5 signi¢cantly
increased BLM RF uptake. These e¡ects of extrave-
sicular pH occurred with uptake medium containing
either NaCl or TMACl and persisted when the ex-
travesicular pH-induced H-gradient was dissipated
by adding the H-ionophore, p-tri£uoromethoxyphe-
nylhydrazone (FCCP, 5 WM), to the uptake medium.
3.4. E¡ect of transmembrane electrical potential
In other studies, we examined the e¡ect of altering
transmembrane electrical potential by using either
anion substitution method or a nigericin-induced
K-di¡usion potential. In the ¢rst method, RF up-
take was examined in the presence of anions of dif-
ferent membrane permeability (Cl3 = NO33 s SO
3
4
s gluconate3), where a membrane permeant anion
would create a relatively larger transient negative
intravesicular electrical potential than a relatively im-
permeant anion [13]. As shown in Fig. 5, the BLM
RF uptake, either in the presence or absence of Na
in the uptake medium, was not signi¢cantly di¡erent
in the presence of Cl3, NO33 , SO
3
4 , or gluconate
3. In
the second method, the e¡ect of inducing a negative
or a positive intravesicular potential with the use of
nigericin (10 Wg/mg protein) and an outwardly or
inwardly directed K gradient, respectively, on
BLM RF uptake was examined. The results are
shown in Table 1. The uptake of RF was not di¡er-
Fig. 3. E¡ect of Na replacement on RF uptake by renal
BLM. BLM vesicles were suspended in a medium of 300 mM
mannitol, 10 mM MgSO4, 26 mM Tris/Hepes, pH 7.4. [3H]RF
uptake was measured by incubation for 10 s in an uptake me-
dium of 80 mM mannitol, 20 mM Hepes/Tris (pH 7.4), 0.1 WM
labeled and unlabeled RF, containing either 100 mM NaCl, or
with NaCl replaced by 100 mM tetramethylammonium chloride
(TMACl), KCl, LiCl, or choline chloride (ChCl). Each data bar
represents means þ S.E. of nine determinations from three sepa-
rate BLM preparations (*P6 0.05 vs. NaCl).
Fig. 4. E¡ect of extravesicular pH on RF uptake by renal
BLM. (A) BLM vesicles were suspended in a medium of 300
mM mannitol, 10 mM MgSO4, 26 mM Tris/Hepes, pH 7.4. In-
cubation was performed for 10 s in an uptake medium of 100
mM NaCl or tetramethylammonium chloride (TMACl), 80 mM
mannitol, 0.1 WM labeled and unlabeled RF, and pH set to 6.5,
7.5, or 8.5 with bu¡ering system of either Hepes/Tris or Hepes/
MES. (B) Similar studies were performed with uptake media
also containing 5 WM FCCP. Each data bar represents means þ
S.E. of 12 determinations from four separate BLM prepara-
tions.
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ent whether a negative (Kin=K

out : 50/0 mM) or a
positive (Kin=K

out : 0/50 mM) intravesicular potential
was induced compared to voltage clamp control
(Kin=K

out : 50/50 mM).
3.5. Involvement of a membrane-associated carrier
system
Further studies were carried out to test the in-
volvement of a membrane-associated carrier system
in the uptake of RF by renal BLM. In order to
exclude the nonspeci¢c binding component of RF
uptake, Na-free uptake medium containing 100
mM TMACl was used in these studies. We ¢rst ex-
amined the RF uptake as a function of increasing
RF concentration (0.1^50 WM). As shown in Fig. 6,
saturation was observed in RF uptake as a function
of RF concentration. Kinetic analysis of the ob-
served saturable component of RF uptake revealed
an apparent Km of 8.3 þ 1.7 WM and a Vmax of
14.3 þ 1.2 pmol/mg protein per 10 s (n = 3). To fur-
ther examine the involvement of a membrane-associ-
ated carrier system for RF uptake, we examined the
e¡ect of cis-addition of 50 WM structural analogs,
lumi£avin and lumichrome, on the uptake of 0.1
WM [3H]RF. Results from these studies showed that
these structural analogs caused a signi¢cant
(P6 0.05) inhibition on [3H]RF uptake (from the
control value of 143 þ 7.3 fmol/mg protein per 10 s
to 94 þ 3.6 fmol/mg protein per 10 s with lumi£avin
and 85.1 þ 10 fmol/mg protein per 10 s with lumi-
chrome, n = 6.) These results thus suggest the in-
Fig. 5. E¡ect of transmembrane electrical potential. To examine
the e¡ect of altering transmembrane electrical potential, BLM
RF uptake was determined with uptake media containing 100
mM of Na or K associated with anions of di¡erent mem-
brane permeability (Cl3  NO33 sSO34 sgluconate3), where a
membrane permeant anion would create a relatively larger tran-
sient negative intravesicular electrical potential than a relatively
impermeant anion. BLM vesicles were suspended in a medium
of 300 mM mannitol, 10 mM MgSO4, 26 mM Tris/Hepes (pH
7.4), and incubated for 10 s in the uptake media. The BLM RF
uptake, either in the presence or absence of Na, was not sig-
ni¢cantly di¡erent in the presence of Cl3, NO33 , SO
3
4 , or
gluconate3. Each data bar represents means þ S.E. of nine de-
terminations from three separate BLM preparations.
Table 1
E¡ect of transmembrane potential on RF uptake by renal BLM
[K] in/out
(mM)
NaCl uptake medium TMACl uptake medium
50/50 203 þ 18 127 þ 23
0/50 191 þ 24 115 þ 24
50/0 211 þ 23 132 þ 21
The e¡ect of inducing a negative or a positive intravesicular po-
tential with the use of nigericin and an outwardly or inwardly
directed K gradient, respectively, on BLM RF uptake was ex-
amined. BLM vesicles were preloaded with a medium of 200
mM mannitol, 10 mM MgSO4, 26 mM Tris/Hepes (pH 7.4),
containing either 50 mM KCl or additional 100 mM mannitol,
and were preincubated with nigericin (10 Wg/mg protein) for 10
min. Uptake was performed for 10 s incubation in an uptake
medium containing 100 mM NaCl or TMACl, 20 mM Hepes/
Tris (pH 7.4), 0.1 WM labeled and unlabeled RF, nigericin (10
Wg/mg protein), with either 50 mM KCl or 100 mM mannitol.
Uptakes were expressed as fmol/mg protein per 10 s (means
þ S.E., n = 6).
Fig. 6. Uptake of RF by renal BLM as a function of RF con-
centration. BLM vesicles were suspended in a medium of 300
mM mannitol, 10 mM MgSO4, 26 mM Tris/Hepes, pH 7.4. In-
cubation was performed for 10 s in an uptake medium of 100
mM tetramethylammonium chloride, 20 mM Hepes/Tris (pH
7.4), containing di¡erent concentrations of RF (0.1^30 WM).
Each data point represents means þ S.E. of nine determinations
from three separate BLM preparations.
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volvement of a membrane-associated carrier system
in the uptake of RF by renal BLM. Since previous
studies [8] suggested the possible involvement of an
organic anion transport system in RF renal uptake,
we tested the e¡ects of probenecid and p-aminohip-
purate (PAH, 1 mM) on BLM RF uptake. Results of
these studies showed that cis-addition of probenecid
or PAH inhibited BLM RF uptake signi¢cantly from
153 þ 7 to 107 þ 7 or 73 þ 10 fmol/mg protein per 10 s
(n = 4, P6 0.05), respectively. In separate studies, we
also examined the e¡ect of trans-RF on BLM
[3H]RF. To preload BLM with RF, BLM vesicles
were homogenized in a hypotonic solution contain-
ing 130 mM mannitol, 2 mM Hepes (pH 7.4), with
or without 10 WM RF. BLM vesicles were resus-
pended in a solution containing (in mM): 300 man-
nitol, 10 MgSO4, 26 Tris/Hepes, pH 7.4, before up-
take measurements. Results of these studies showed
that trans-RF enhanced BLM [3H]RF uptake from
72 þ 19 to 246 þ 16 fmol/mg protein per 10 s (n = 4,
P6 0.01).
4. Discussion
In renal proximal tubule, RF is transported across
the two membrane domains of the highly polarized
epithelial cells, i.e., the apical brush border mem-
brane (BBM) and the peritubular basolateral mem-
brane (BLM). To examine the RF transport process
across each membrane domain, we have recently
studied RF transport by using the isolated rabbit
renal BBM vesicles and obtained evidence in support
of the existence of a saturable and organic anion
inhibitor-sensitive carrier system for RF uptake
[10]. The aim of our present study is to examine
RF transport by the isolated rabbit renal BLM.
The use of isolated membrane vesicles avoided the
interference of RF metabolism or RF uptake by oth-
er cellular compartments.
Results of our study showed that the BLM RF
uptake was the result of both RF binding to BLM
(55%) and RF transport into intravesicular space
(45%) (Fig. 2). Our study also showed that BLM
RF uptake was partly Na-dependent so that re-
placement of Na in the uptake medium by other
cations, such as TMA, potassium, lithium, or cho-
line, reduced RF uptake by up to 60% (Fig. 3). The
Na-dependency of RF uptake was not due to Na-
cotransport mechanism because the initial uptake did
not show the ‘overshoot’ phenomenon characteristic
for other Na-cotransport systems, and the Na-de-
pendency persisted after prolonged incubation (Fig.
1). Alternatively, Na appears to have e¡ect on the
binding component of RF uptake, as indicated by
the ¢nding that replacement of Na by TMA elimi-
nated the binding component of the RF uptake (Fig.
2). The fact that both the Na-dependent component
of RF uptake and the membrane binding component
of RF uptake constitute similar portions (55^60%) of
the total RF uptake is also consistent with this no-
tion. The ¢nding of Na-dependent RF binding to
BLM is in close resemblance to our recent ¢ndings
with rabbit renal BBM where the Na-dependent RF
binding constitutes approximately 40% of the total
BBM RF uptake [10]. The Na-dependency of mem-
brane binding is not a unique feature for RF, be-
cause carnitine has also been found to exhibit a
Na-dependent binding to human placental BBM
[14].
In support of the involvement of a BLM-associ-
ated RF transport carrier system, we found that the
initial rate of intravesicular transport of RF was sat-
urable as a function of RF concentration (Fig. 6),
and the cis-addition of RF structural analogs, lumi-
£avin and lumichrome, caused a signi¢cant inhibi-
tion on the uptake of RF. Based on the ¢nding
that RF uptake by rabbit kidney slices was compet-
itively inhibited by the organic anions p-aminohippu-
rate (PAH) and penicillin-G [8], Spector suggested
the involvement of an organic anion transport sys-
tem in RF transport in the kidney. In accordance
with this notion, we found that the BLM RF uptake
was inhibited by probenecid and PAH. Moreover, we
also found that BLM RF uptake was enhanced by
trans-RF. In our present study, we found that BLM
RF uptake was not a¡ected by alterations in trans-
membrane electrical potential, induced by either
anion substitution or by nigericin-induced K-di¡u-
sion potential (Table 1). The transport of RF across
the BLM thus appears to be an electroneutral proc-
ess.
In comparison with our previous study with rabbit
renal BBM, we found that there exists a distinct dif-
ference between renal BLM and BBM RF transport
in regard to their sensitivity to extravesicular pH. In
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our previous study, we found that RF uptake by
rabbit renal BBM was not altered when extravesicu-
lar pH was changed from 7.5 to either 6.5 or 8.5 [10].
However, in our present study, we found that acid-
i¢cation of extravesicular pH from 7.5 to 6.5 lowered
BLM RF uptake while alkalinization of extravesicu-
lar pH to 8.5 increased BLM RF uptake (Fig. 4).
The e¡ects of extravesicular pH on BLM RF uptake
appeared to be due to the direct H e¡ect on RF
carrier system, because dissipation of the transmem-
brane H gradient by the H-ionophore, FCCP, did
not abolish the e¡ects of extravesicular pH (Fig. 4).
In view of a greater e¡ect of extravesicular pH on
BLM RF uptake with Na-containing uptake me-
dium as compared to that with uptake medium
where Na was replaced by TMA, it is likely that
changes in extravesicular pH a¡ected both the mem-
brane binding and the intravesicular transport com-
ponents of RF uptake. The physiological signi¢cance
of this pH sensitivity of BLM RF transport remains
to be examined. In summary, similar to our previous
study with renal BBM, our present study shows a
Na-dependent RF binding to renal BLM and the
presence of a BLM associated carrier system media-
ting the transport of RF by renal BLM. However,
the distinct di¡erence in their sensitivity to pH
changes may suggest the involvement of separate
RF carrier systems in RF transport across these
two membrane domains in renal proximal tubules
and/or di¡erences in the interaction of the RF carrier
system with constituents of the two di¡erent mem-
branes. Further studies with eventual cloning and
isolation of RF transporters will help to clarify this
issue.
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